In 1911, Sir Arnold Theiler isolated and described a parasite that was very similar to A. marginale but which was more centrally located within the erythrocytes of the host cells, and was much less pathogenic than A. marginale. He named the parasite A. marginale variety centrale. The name A. centrale, referring to the same organism, was published in Validation List no. 15 in 1984, but the publication was based on an erroneous assumption that Theiler had indicated that it was a separate species. Many authors have subsequently accepted this organism as a separate species, but evidence to indicate that it is a distinct species has never been presented. The near full length 16S rRNA gene sequence, and the deduced amino acid sequences for groEL and msp4 from several isolates of A. marginale and A. centrale from around South Africa were compared with those of the A. marginale type strain, St Maries, and the A. centrale Israel strain and other reference sequences. Phylogenetic analyses of these sequences demonstrated that A. centrale consistently forms a separate clade from A. marginale, supported by high bootstrap values (≥90%), revealing that there is divergence between these two organisms. In addition, we discuss distinctive characteristics which have been published recently, such as differences in Msp1a/Msp1aS gene structure, as well as genome architecture that provide further evidence to suggest that A. centrale is, in fact, a separate species. Our results, therefore, provide evidence to support the existing nomenclature, and confirm that A.
INTRODUCTION
In 1896, a point-like pathogen in blood smears of cattle was reported and described as a "very minute roundish body which is stained blue to bring it into view. The body as a rule is situated near the edge of the corpuscle" [1] . Fourteen years later, after extensive microscopic examination of infected red blood cells, Sir Arnold Theiler described this minute roundish body as Anaplasma marginale; referring to the pathogen as having "marginal points" in bovine 6 and Addo Elephant National Park (AEP). Only samples that were co-infected with A. marginale and A. centrale were chosen for further analysis so that that the full gene set could be amplified from both species from individual animals. for 5 s, and extension at 72ºC for 15 s, followed by a final extension at 72ºC for 1 min and a hold at 4ºC. (Table S1 ), using MAFFT (multiple sequence alignment programme) v6 employing the FFT-NS-1 algorithm [22] . The alignments were truncated to the size of the shortest sequence using BioEdit v7 [23] .
Phylogenetic trees were constructed by the neighbour-joining, maximum likelihood and maximum parsimony methods as implemented by the Molecular Evolutionary Genetics Analysis version 7.0 (MEGA7) software package [24] . The maximum likelihood tree was inferred based on the Poisson correction model for Msp4 and GroEL, while the 16S rDNA tree was based on the Jukes-Cantor model and GTR model; this was in combination with the bootstrap method [25] using 1000 replicates/tree for each method. The genetic distances between the sequences were estimated by determining the number of nucleotide/amino acid differences between sequences using MEGA7 [24] . Bayesian phylogenetic trees were constructed using MrBayes v3.1.2 [26] . The WAG+G+F and JTT+G+F model were determined to be the best-fit for the Msp4 and GroEL amino acid sequence data, respectively.
This was determined by the ProtTest [27] , while the 16S rRNA nucleotide data best-fit model was determined to be invgamma using the Modeltest v3.7 software package [28] . All consensus trees were edited using MEGA7. The GenBank accession numbers of reference sequences used in this study are reported in Table S1 , while the 16S rRNA, groEL and msp4 gene sequences used to construct the phylogenetic trees were submitted to GenBank, and these accession numbers are reported in Table S2 . Maries strain (CP000030, AMr3) and was found in all the study sites. Notably, a sequence named A. centrale Aomori strain (AF283007) that was described by Inokuma et al. [4] grouped with "A. capra" sequences (KP314237, KX417207, KX417195, KY007144) (Fig. 2) . The groEL gene was completely conserved, yielding only one A. centrale GroEL genotype (Ac1).
RESULTS

16S
A. marginale had two GroEL genotypes of which Am2 was more common than Am1 and was distributed in all of the study sites except CNP. The A. centrale Msp4 Ac4 genotype was found to be present in all study sites except in KNP where Ac1 and Ac3 were present. The A. centrale
Israel vaccine strain Msp4 sequence (CP001759, ACIS_01187) differed by 1 amino acid from that of Ac4 over the 212 amino acid region that was sequenced. As for A. marginale, Msp4 All of the phylogenetic tree topologies obtained using all four tree algorithms were similar, and the maximum likelihood tree was chosen as a representative tree. The trees inferred using 16S rDNA ( Fig. 2) , GroEL ( There were a total of 1108 positions in the final dataset. As some sequences obtained in this study were identical to each other we have coded them with a genotype name (i.e. "Am1") and used a single representative of the genotype to construct the tree. Genotype representation is provided in Table 3 . obtained. There were a total of 488 positions in the final dataset. As some sequences obtained in this study were identical to each other we have coded them with a genotype name (i.e. "Am1") and used a single representative of the genotype to construct the tree. Genotype representation is provided in Table 3 . obtained. There were a total of 198 positions in the final dataset. All positions containing gaps and missing data were eliminated. As some sequences obtained in this study were identical to each other we have coded them with a genotype name (i.e. "Am1") and used a single representative of the genotype to construct the tree. Genotype representation is provided in Table 3 .
DISCUSSION
The A. centrale Israel vaccine strain 16S rRNA, GroEL and Msp4 genotype sequences (Ac4, Ac1 and Ac4, respectively) were found in all of the study sites, with the exception of Msp4
Ac4 that was absent in the KNP. This is in concordance with our previous findings based on msp1aS that the A. centrale vaccine strain is found widely distributed across South Africa and in animals that do not have a history of vaccination [20] . [29] , to name a few.
In a study done by Inokuma et al. [4] , the authors showed that the 16S rRNA sequence of "A.
centrale Aomori strain" was related to A. marginale by both level-of-similarity (98.08% identical) and distance analysis. They concurred that this "A. centrale" is an independent species although closely related to A. marginale. These findings were based on the Aomori strain, a Japanese isolate which actually appears to be a novel Anaplasma species, "A. capra" [33] . Phylogenetic analysis of 16S rRNA revealed that "A. capra" sequences clustered together in a clade but grouped separately from other Anaplasma species [33] . Interestingly, "A. capra"
is not a formally recognized species, and is not on the List of Prokaryotic Names with Standing an 881 bp fragment of the groEL gene sequence for their phylogenetic analysis. When these nucleotide sequences were translated and added to our GroEL deduced amino acid sequences, they formed one clade with our sequences and those from other countries (i.e. the GroEL Ac1 genotype).
As for phylogenetic trees inferred from Msp4 sequence data, most publications focus on the description of A. phagocytophilum isolates [38, 39] A. marginale and A. centrale are antigenically related, sharing immunodominant epitopes that play a role in the protection induced by A. centrale [43] . However, the protection is partial and varies with A. marginale genotype. This is because there is a lower degree of conservation between the deduced amino acid sequences of surface proteins of A. centrale and A.
marginale strains (72.4%) than between any two A. marginale strains (95.1%) [44] . Rhipicephalus microplus, R. decoloratus, R. evertsi evertsi, R. simus and Hyalomma rufipes [46] . Anaplasma centrale was thought not to be tick transmissible [47] , however, experimental transmission of A. centrale by R. simus and D. andersoni has been demonstrated [48, 49] resided in a different subcellular location in the salivary gland and was secreted into the saliva at a much lower rate than A. marginale; when tick numbers were dramatically increased to compensate for the low pathogen load, transmission was achieved [49] . These two transmission studies are the only successful transmissions of A. centrale on record amongst a myriad of failed transmission attempts.
Genomic comparisons of the two organisms have also revealed that the two organisms are divergent [50, 51] : A. marginale sensu stricto strains have closed core, highly syntenic genomes [52] , while the A. centrale genome exhibits a marked lack of synteny with sensu stricto strains. The funders had no role in study design, data collection and interpretation, or the decision to submit the work for publication. Any opinion, finding and conclusion or recommendation expressed in this material is that of the author(s) and the NRF does not accept any liability in this regard.
